Carbon fiber reinforced polymer composites (CFRP) have been applied to aerospace and automobile structures. For many CFRP structures, mechanical metallic fasteners are usually adopted. For the fasteners used in internal structures such as a wing box, the damage to the CFRP structures around fastener holes is visually quite difficult to find. A simple method to find the damage around fastener holes is required. In this study a self-sensing time domain reflectometry (TDR) method is newly applied to detect bearing failure around the fastener holes of CFRP structures. A microstrip-line method is generally used to create a transmission line. When the transmission line is mounted near the metallic fasteners, they may affect the impedance of the transmission line. In this study, the effect of distance between the fasteners and the transmission line was numerically investigated using a finite difference time domain analysis method. After finding the appropriate distance, experiments were performed to detect the bearing failure around a fastener hole. The experiments showed the performance of the self-sensing TDR for detecting bearing failure.
Introduction
Carbon fiber reinforced polymer composites (CFRP) have been applied to aerospace and automobile structures.
For many CFRP structures, metallic fasteners are usually adopted to connect many components. For the fasteners used in the internal structures, such as a wing box, the damage to CFRP structures around the fastener holes is quite difficult to find visually. A simple method for finding the damage around the fastener holes is required for actual CFRP structures. The typical damage around fastener holes is reported to be a bearing failure mode in the review paper of Thoppul et al. [1] . Methods for monitoring bearing failure damage around fastener holes have been published in several papers. Galea et al. [2] proposed a method using piezo film. Ihn and Chang [3] used SMART Layer consisting of a thin film with distributed piezoelectric sensors. Thostenson and Chou [4] proposed a new sensor made from carbon nano-tubes to monitor the initiation of damage around fastener holes.
Several research articles have been published on self-sensing time domain reflectometry (TDR) methods for CFRP structures. Copper tape and CFRP have been used as a couple of conductive materials, and glass fiber reinforced polymer (GFRP) as an electric insulator to create a transmission line for the electro-magnetic waves [5] - [8] . The self-sensing TDR has been applied to metallic materials [9] .
Chen et al. [10] embedded a coaxial cable in a concrete structure to detect cracks in the concrete structure using the TDR method. Lin et al. [11] described a method to measure applied strain using a coaxial cable with the TDR method. Yankielum et al. [12] proposed a monitoring of a bridge using the TDR method. Obaid et al. [13] used a TDR method to measure the delamination crack length of a CFRP laminate. The TDR method is normally used to check disconnection of a transmission line such as a coaxial cable, and the equipment required for the TDR method is now reasonably priced at several hundred dollars. The TDR method enables us to monitor damage location at a low cost. The self-sensing TDR method requires only the installation of transmission lines on target structures that have electrical conductivity, such as metallic or CFRP structures.
In this study, therefore, the self-sensing TDR method is newly applied to detect bearing failure damage around the fastener holes of CFRP structures. While curved transmission lines have been applied on the CFRP structural surface [8] , straight transmission lines were adopted in this study. Bearing failure around the fastener holes is monitored using a straight transmission line.
The self-sensing TDR method enabled us to detect the bearing damage to lines of fasteners that had small wiring dimensions even for internal CFRP structures. The TDR requires a couple of conductive materials separated by an insulator material that electrically insulates them. The self-sensing TDR method uses a CFRP structure and copper tape as conductive materials and GFRP as an insulator. A micro-strip line (MSL) method is generally used to create a transmission line. When the transmission line is mounted near the metallic fasteners, they may affect the characteristic impedance of the transmission line, which may cause ghost damage or a scatter of electro-magnetic waves.
In this study, the effect of the distance between the fasteners and transmission line was numerically investigated using a finite difference time domain (FDTD) analysis method. After finding an appropriate distance, experimental investigation was performed to detect the bearing failure around a fastener hole, and the detection of a multiple damage situation was also investigated experimentally.
FDTD Analysis
In this study, FDTD analysis was adopted to investigate the effect of distance between the electric-conductive fastener and the transmission line. The FDTD analysis numerically solves the well-known Maxwell's equations. Because the TDR method uses a transmission line for the electro-magnetic waves, solving the Maxwell's equations numerically gives simulated results of the self-sensing TDR method. CFRP can be treated as an electrically conductive material with orthotropic conductivity as shown in Kurokawa et al. [6] which also shows the computational method. The difference is the boundary condition. In this study, the absorbing boundary condition proposed by Mur [14] was used to reduce the computational cost sacrificing long term stability. The computational reliability was confirmed by comparing the previous and new results using Mur's absorbing boundary condition.
A MSL type transmission line was used in this study as shown in Figure 1 : a narrow copper strip tape and a CFRP laminate were used as the two conducting materials and a GFRP plate as an insulator between them. The characteristic impedance of the narrow-strip transmission line was obtained as shown by Wadell [15] . 
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where h is the height of the dielectric GFRP, ε r the relative permittivity of the GFRP, W the width of the copper strip, t its thickness, a c Z the characteristic impedance when the dielectric material is a vacuum and ε W the effective value of relative permittivity. Using Equations (1) to (4), the characteristic impedance of the narrow-strip transmission line can be designed to match the impedance of a coaxial cable of 50 Ω. Without impedance matching, the input pulse signal is entirely reflected at the input end of the specimen transmission line. Impedance matching is an indispensable procedure for detecting damage in CFRP structures using the self-sensing TDR method. Because the thickness of GFRP and copper tape is fixed at a low value, the impedance matching to the coaxial cable of 50 Ω means the dimensions of the MSL are almost confined to narrow bands. In this study the dimension was fixed to a MSL 10 mm wide and 0.4 mm thick, and the insulator was 1-mm-thick GFRP.
As normal fasteners are made from metallic material, the existence of fasteners near the MSL affects the electromagnetic wave propagation because of the electromagnetic wave energy emitted around the MSL. Most of the energy is, however, concentrated between the copper tape strip and CFRP plate. This means a small part of the electromagnetic wave energy is reflected at the metallic fasteners when they exist close to the MSL.
The analysis model is shown in Figure 2 . The CFRP plate is 940 mm long, 120 mm wide and 2 mm thick. A GFRP plate 1 mm thick is mounted on the surface of the CFRP plate specimen and 10-mm wide copper tape is attached to the GFRP plate near the fastener line. As shown in Figure 2 , the coordinate x defines the direction along the length of the CFRP specimen, y across its width and the z the direction along its depth. The dimensions of the unit cell for the FDTD analysis are (∆x, ∆y, ∆z) = (1 mm, 1 mm, 0.2 mm). The analysis dimensions are 1024 mm long by 136 mm wide by 64 mm deep including the surrounding boundary area. The time step for the FDTD analysis should satisfy Courant's stability condition as follows: where c is the speed of light. To satisfy Courant's stability condition, the time step is set to ∆t = 0.5 ps. The specific magnetic permeability of the entire region is set to µ r = 1.0. The specific dielectric constant of air is ε r = 1.0, and the specific dielectric constant of GFRP is set to ε r = 4.0. The conductivity of copper is 5.96 × 10 7 S/m, and the conductivity of CFRP measured by Hirano et al. [16] was used in this study. A pulse signal was input from the left terminal. Figure 3 shows the input Gaussian pulse signal for the FDTD analysis.
Six fasteners, 6 mm in diameter, were fabricated on the model with 80-mm spacing. The distance from the MSL is defined as h as shown in Figure 2 : h is the distance from the edge of the metallic fastener to the edge of the width of the MSL copper tape. In Figure 4 shows the results of the reflected signal calculated at the input terminal. The abscissa shows the time and the ordinate shows the voltage. The broken curve represents the reflected signal of the specimen without fasteners. As shown in Figure 4 , when the fasteners approach the MSL, the amplitudes of the reflected signals decrease. For example, the nearest case of h = 1 mm had only 11% of the amplitude compared with the amplitude of the reflected signal without fasteners. The decrease in signal amplitude was caused by the scatter of electromagnetic wave at the metallic fasteners. When h = 4 mm, the amplitude of the reflected signal was 92%. The results showed that the h = 4 mm was the minimum requirement for the distance between the fasteners and the MSL with these dimensions. Figure 5 shows the dimensions and configuration of the specimen. The specimen was 1750 mm long, 200 mm wide and 2.6 mm deep. The material used to fabricate the CFRP laminate was Toray T800S/epoxy prepreg P2352W-19 (cure temperature 180˚C). The stacking sequence of the CFRP plate was [0/45/0/ -45/90/45/0/ -45/90] s . On the CFRP specimen, a GFRP fabric plate 1730 mm long, 200 mm wide and 0.5 mm deep was attached using commercially available epoxy adhesive. On the GFRP plate, copper tape 5 mm wide and 0.025 mm thick was attached as shown in Figure 5 to create two micro-strip lines. The triangle symbols indicate the location of fasteners of 6.35 mm diameter. The spacing of the fasteners was 143.2 mm for the specimen. The characteristic impedance calculated from the Equations (1) to (4) was approximately 15 Ω. Because it was quite difficult to obtain a transmission line of exactly 50 Ω using commercially available GFRP plate and copper tape, the characteristic impedance of the MSL was set to 15 Ω in this study. Figure 6 shows a view of the input terminal at the specimen end. A coaxial cable was connected to the microstrip line by soldering as shown in Figure 6 . At the CFRP specimen edge, electrical copper plating was carried out to make electrical contact.
Analytical Results and Discussion

Experimental Method
Two micro-strip lines were created on the specimen. Line #1 was placed close to the fasteners (the distance between the fasteners and Line 1 was 4 mm). Line #2 was placed far from the fasteners to compare the results. The left terminal was named "terminal A" and the right terminal "terminal B" in this study. Using both terminals, the relationship between the location of the fastener and the location of the damage was experimentally investigated. For the measurements, the other terminal was set to be open-ended. To prevent specimen warping, L type aluminum stiffeners 1750 mm long and 30 mm wide were attached to the back.
Bearing fracture damage was created at 732 mm (Damage #1) and 1162 mm (Damage #2) from Terminal A. Bearing failure of a fastener hole in a CFRP plate is usually caused by excessive loading, fatigue loading or initial defects. It is, however, quite difficult to create a bearing failure at a fastener hole edge for this large speci- Voltage [nV]
Time [ns]
No fastener h=1mm h=2mm h=3mm h=4mm h=5mm Figure 6 . Details of the signal input terminal.
men using a normal material testing machine. In this study, therefore, a drop weight loading was adopted to make a simulated bearing fracture at a fastener as shown in Figure 7 . For Line #1, an impact energy of 34.1 J was added to Damage #1, and 40.3 J was added to Damage #2. For Line #2, 34.1 J was added to Damage #1 and 28.0 J was added to Damage #2. The impact load was applied in the direction of the MSL. The examples of the bearing failures are shown in Figure 8 . A white area peeled off the GFRP because of the bearing failure. Measurements of reflected pulse signals were performed in three conditions as follows. Condition #0: intact specimen.
Condition #1: Damage #1 Condition #2: Damage #1 and Damage #2 Pulse signals were generated using a function generator AFG3251 (Max 240 MHz, Tektronix, Tokyo Japan), and the signal was applied to the MSL. The reflected signals were measured using a digital oscilloscope TDS5034B (sampling interval 4 ps, Tektronix, Tokyo Japan). A directional coupler, ZFDC-10-5 (Mini-Circuit, Yokohama, Japan), was adopted to select the pulse signal wave reflected from the specimen. The pulse signal made by the function generator is shown in Figure 9 . The measurements were repeated 100 times, and the averaged value was used as the measured result. A FIR low-pass filter in MATLAB (cut-off frequency is 0.5 GHz) was used to remove high frequency noise. Figure 10 shows the measured results of the reflected signals for Condition #0. The abscissa is the time and the ordinate is the measured signal voltage. Figure 10 includes the results for Lines #1 and #2 of the A and B input terminals. Because the input terminal and the end terminal have slight impedance mismatching, a reflected signal was observed. Using the length of the specimen and the time difference between the input terminal and the end terminal, the average velocity of the pulse signal was calculated. The signal velocity for Line #1 was 1.474 × 10 8 m/s and for Line #2 was 1.444 × 10 8 m/s. Because the standard deviation of the 100 measurements for Line #1 was 0.0176 × 10 8 m/s, the difference between Lines #1 and #2 was not the result of any measurement error. Line # 1 had fasteners at a distance of h = 4 mm, and Line #2 had no fasteners near the MSL. Although the FDTD results in Figure 4 indicated that there was no effect on the fasteners when h = 4 mm, the experimental results showed that a small increase in signal velocity was obtained when the fasteners were located at the line of h = 4 mm from the time difference of the peak point in each cases. The measured velocities were used to determine the location of the damage.
Experimental Results and Discussion
The difference in the reflected signals between Condition #0 and Condition #1 from Terminal A is shown in Figure 11 . Using the tapered cosine window, the reflected signal from the input terminal and the end terminal were eliminated. Because the measured voltage included noise of approximately 3 mV, a threshold value of 5 mV was set to judge the existence of damage. The threshold value can be changed with any other measurement system. Figure 11 indicates that the self-sensing TDR system detected bearing damage at the fastener hole without the effect of fasteners. Figure 12 shows the difference in the reflected signal between Condition #0 and Condition #2 from Terminal A, and indicates that the self-sensing TDR method detects bearing failure at the fastener holes without the effect of fasteners. Figure 13 shows the difference in the reflected signal between Condition #0 and Condition #2 from Terminal B. Compared with Figure 12 , damage in both cases can be monitored without depending on the order in which it occurred. The results indicated that the self-sensing TDR method was applicable to bearing failure monitoring without considering the MSL.
Using the measured signal velocity and the time difference for the reflected signal, the damage location was identified. Table 1 and Table 2 show the estimation error for the location of damage, which was within 7 % for all cases. These results indicated that the fasteners had no effect on the identification of bearing failure of fastener holes when the distance h (distance from the metallic fastener to the MSL) was set to 4 mm for the selfsensing TDR method.
As shown in Figure 8 , some laminate peeled off the GFRP which was caused by the damage created by the bearing failure. The effect of the GFRP peeling will be investigated in future research.
Conclusions
In this study, a self-sensing TDR was applied to detect the bearing failure of a CFRP laminate with fasteners. Computational design was performed to prevent the impact of electrically conductive fasteners on the measurements of reflected signals. Experiments were conducted to ensure the designed micro-strip line detected the bearing failure of fasteners. The results obtained are as follows:
1) FDTD analysis indicates that the effect of the fasteners can be avoided when the distance from the microstrip line to the fastener is kept to greater than 4 mm.
2) Using the micro-strip line at a distance of 4 mm, the bearing failure of fastener holes can be experimentally detected within 7% error using the self-sensing TDR. Voltage [mv] 
